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Motivated by the hypothesis that dark matter self-interactions provide a solution to the small-
scale structure formation problems, we investigate the possibilities that the relic density of a self-
interacting dark matter candidate can proceed from the thermal freeze-out of annihilations into
Standard Model particles. We find that scalar and Majorana dark matter in the mass range of
10− 500 MeV, coupled to a slightly heavier massive gauge boson, are the only possible candidates
in agreement with multiple current experimental constraints. Here dark matter annihilations take
place at a much slower rate than the self-interactions simply because the interaction connecting the
Standard Model and the dark matter sectors is small. We also discuss prospects of establishing or
excluding these two scenarios in future experiments.
I. INTRODUCTION
Observations of dynamics of galaxies, clusters of galax-
ies and the Universe at large scales strongly support
the Cold Dark Matter (CDM) paradigm. This suggests
that most of the matter of the Universe consists of non-
relativistic collisionless particles not present in the Stan-
dard Model (SM) of particle physics. In spite of these suc-
cesses, within the CDM paradigm, a number of difficul-
ties - such as the too-big-to-fail [1, 2] and the core-vs-cusp
[3, 4] problems- have been found in N-body simulations
of formation of small-scale structures, most notably of
dwarf and low-surface-brightness galaxies. For a review
of these problems, see Ref. [5].
Strongly self-interacting dark matter (SIDM) is a plau-
sible solution to some of these challenges [6]. Its key
ingredient is the hypothesis that dark matter (DM) par-
ticles scatter off each other in small-scale structures with
a cross section per unit of mass of around 1 cm2/g [7–
14]. This corresponds to 1012 pb for DM masses around
1 GeV, which is orders of magnitude above the standard
thermal freeze-out cross section of about 1 pb; for a com-
prehensive discussion of alternative production regimes
in the context of SIDM, see Ref. [15]. Clearly, if DM un-
dergoes a thermal freeze-out in the early Universe, some
mechanism should be at work in order to explain this
disparity of cross sections.
Two of these mechanisms have been discussed ex-
tensively in the literature. One of them is invoking a
light mediator enhancing DM self-interactions via non-
perturbative effects in small-scale structures [16–19]. The
other one is considering DM annihilation processes in the
early Universe that are induced by a relatively strong
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interaction but that are nevertheless phase-space sup-
pressed due to the presence of many particles in their
initial state [20, 21]. In both cases, the production of
DM proceeds via annihilations within the hidden sector.
In the first case, DM annihilates dominantly into the light
mediator responsible for the self-interactions. In the sec-
ond case, three or four [22] DM particles annihilate into
two of them. Thus in both scenarios an interaction con-
necting the DM and the SM sectors is not necessary for
the DM self-interactions or annihilations1. Needless to
say, without such an interaction we will never discover
the DM particle and will only be able to probe it through
its gravitational and/or its self-interaction effects.
Although it is possible that after inflation no connec-
tor between both sectors has played any major role for
DM annihilation and self-interaction processes, in this
work we explore a third mechanism, largely overlooked
to the best of our knowledge, in which the relic density
of SIDM stems from the freeze-out of its annihilations
into SM particles. In other words, we will show that DM
self-interacting in a hidden sector must not necessarily
annihilate into particles beyond the SM.
If, as we will assume all along this work, the large
self-interaction cross section does not result from non-
perturbative effects associated to the exchange of a
lighter mediator, the DM particle must lie below the GeV
scale. Searches of particles beyond the SM severely con-
strain such scenarios, basically restricting sub-GeV DM
to be a singlet under the SM gauge group and requiring
it to have rather small interactions with the SM parti-
cles. This is the mechanism we explore in this work:
even though the DM sector has relatively strong interac-
1
Such an interaction might be nevertheless necessary for other
concerns. For instance, for inducing the decay of the mediator in
order to satisfy BBN and CMB constraints [23] or for establishing
kinetic equilibrium between DM and SM thermal bath in the 3-
to-2 framework [21, 24, 25].
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2tions, its portal to SM particles - which are the dominant
annihilation products of DM- is comparatively small and
leads to a thermal freeze-out in agreement with the ob-
served abundance of DM.
This article is organized as follows. We start off in
Sec. II by determining the possible scenarios giving rise
to annihilations of sub-GeV DM into SM particles, based
on the four possible portal interactions that are allowed
by SM symmetries. From this discussion, only one sce-
nario emerges, which is based on the portals that include
an extra gauge boson. In Sec. III, we discuss such sce-
nario in detail and examine the long list of corresponding
experimental and observational constraints. Possibilities
of future particle physics tests, associated to the fact that
DM annihilates into SM particles, are also analyzed. Fi-
nally, we present our conclusions in Sec. IV.
II. FOUR PORTALS FOR SIDM
ANNIHILATIONS INTO SM PARTICLES
A. Basic requirements
In order that SIDM annihilates dominantly into SM
particles, there is a number of preliminary basic require-
ments that it must fulfill. These are:
• The DM mass must be below the GeV scale.
As already mentioned above, we do not consider the
possibility of a mediator with mass much smaller
than the DM mass mDM, inducing large DM self-
interactions through non-perturbative effects. This
is because, if the mediator is a particle beyond the
SM, such an option would easily allow the DM par-
ticles to annihilate dominantly into a pair of medi-
ators, rather than into SM particles. If instead the
mediator inducing non-perturbative effects is a SM
particle such as a photon or a massive boson, a
sufficiently large self-interaction cross section could
hardly be accommodated without violating experi-
mental constraints [19, 26, 27].
In absence of lighter mediators, provided the as-
sociated dark sector couplings, gD, have perturba-
tive values, the self-interaction cross section can be
calculated by means of the ordinary Born expan-
sion in the small-velocity limit[19]. In this case,
for a self-interaction induced by the exchange of
a mediator with mass of order mDM, dimensional
analysis shows that σSI/mDM ∼ α2D/m3DM, with
αD = g
2
D/4pi. Taking αD . O(1), this implies
that the DM mass must lie roughly below 500 MeV.
This bound is much lower if the self-interaction me-
diator is much heavier than the DM particle.
• Kinematically allowed DM annihilation
channels. For such a low mass range, DM
must necessarily annihilate into one of the few
kinematically allowed SM channels: DM DM →
νν¯, νν, e+e−, µ+µ−, γγ and DM DM → uu¯, dd¯
(i.e. DM DM→ pi+pi−, pi0pi0 at the scale under con-
sideration).
• DM must be a gauge singlet. This is a conse-
quence of the first requirement. For instance, par-
ticles with SU(2)L×U(1)Y quantum numbers and
a mass well below the electroweak scale would have
been seen in the decay of the Z boson at LEP [28].
There are exceptions to this rule, but they entail
some degree of fine tuning, so we will not consider
them. An example would have been DM as the CP-
even neutral component of a scalar doublet. It can
be light and still escape the bound coming from the
width of the Z boson if the CP-odd component in
the doublet has a mass above mZ .
• Extra particles mediating the annihilation
are singlets. For the same reason, any addi-
tional non-singlet particle mediating DM annihila-
tions into SM particles would have to be much heav-
ier than the DM particle, typically above mZ/2 or
higher. This would suppress the annihilation cross
section by powers of this high mass. As a result in
this case we find that the thermal freeze-out could
only be obtained for couplings on the verge of non-
perturbativity.
In order to illustrate this, let us consider the tree-
level annihilation of a Dirac DM particle into neu-
trinos via the exchange of the neutral component
of a SU(2)L doublet in the t-channel. The annihi-
lation is suppressed by four powers of the mass of
the exchanged particle. Concretely, one obtains an
annihilation cross section into neutrinos of a given
flavor equal to
〈σanniv〉 =
y4
32pi
m2DM
m4φ
, (1)
where mφ is the mass of the neutral scalar in the
t-channel and y is the Yukawa coupling in the in-
teraction L = y LLφψDM . For sub-GeV DM and
mφ of order mZ , this gives the thermal freeze-
out cross section only for quite large Yukawa cou-
plings, at the verge of non-perturbativity2, namely,
y & 5.6 · (100 MeV/mDM)1/2 · (mφ/100 GeV) . Or
in other words, imposing y .
√
4pi leads to mDM &
200 MeV · (mφ/100 GeV)2. Also, notice that the
same type of Yukawa interactions potentially leads
2
Note that for Majorana or scalar DM, the exchange of a doublet
in the t-channel also induces annihilations into neutrinos. How-
ever, in those cases, the cross section is even more suppressed
than for Dirac DM, because it is proportional to the neutrino
masses (See e.g. [29, 30]). In fact, we did not find any viable sce-
nario where DM annihilations into SM fermions are suppressed
by only two powers of the mass of the exchanged particle.
3to DM annihilations into charged leptons, and that
a thermal rate for that channel is forbidden by indi-
rect detection constraints, as discussed below. As a
result of all these, we will not consider any further
such kinds of contrived scenarios.
Note that SIDM annihilations into photons are sup-
pressed not only by the loop factor but also, in a
similar way, by the large mass of the charged medi-
ator in the loop. The same remarks apply to other
processes leading to sharp spectral features, such as
virtual internal bremsstrahlung (since they require
a charged mediator in the t-channel).
The previous four criteria greatly simplify the dis-
cussion and highly limit the number of scenarios where
SIDM could freeze out from annihilations into SM parti-
cles, as we will see in the following.
B. Four portals to the SM
In a renormalizable theory, if both the DM and the
particle mediating the annihilation process are singlets,
they can only communicate with the SM particles via
the so-called portals. They correspond to the four pos-
sible ways of building, out of SM fields, a gauge singlet
operator of dimension less than four [31, 32], namely
Vector portal : ψSMγ
µψSM
Kinetic portal : FµνY
Higgs portal : H†H
Neutrino portal : L¯H
where ψSM is any SM fermionic chiral multiplet, F
µν
Y is
the hypercharge field strength, H is the SM scalar dou-
blet and L is one of the lepton doublets.
On the one hand, the fermion bilinear can only be cou-
pled in a renormalizable way to a vector boson field, Z ′µ.
On the other hand, the hypercharge field strength can
only couple to the field strength of a vector boson, Z ′µν ,
through a kinetic mixing interaction
L = −κ
2
FµνY Z
′
µν . (2)
Thus, from the exchange of a Z ′, both sectors can com-
municate through either of these two portals or through
both.
As for the H†H bilinear, it can couple to any single
scalar operator with dimension two. The most general
form is
L = H†H · (µiφi + λijφiφj) (3)
where φi are singlet scalar fields. Finally, the bilinears
L¯H must couple to fermion singlets, i.e. to right-handed
neutrinos
L = yαLαHνR + h.c. , (4)
All these portals induce annihilations at tree level. In
principle, such annihilations can proceed in three ways:
from a s- or a t-channel exchange and from a quartic
bosonic interaction. We now discuss each case separately:
1. Tree-level annihilation via a Z ′ exchange.
Since the Z ′ couples to a pair of SM particles, the
annihilation necessarily takes place through a s-
channel exchange, either from the vector portal, or
from the kinetic portal, or from both. Furthermore,
DM naturally self-interacts at an unsuppressed rate
via the exchange of the Z ′ boson. Hence, this sce-
nario is particularly attractive and minimal. We
will discuss it in detail in Sec. III. It differs from
previous SIDM studies involving Z ′ bosons by the
fact that here DM is lighter than such particles, and
thus does not annihilate into a pair of them but into
SM particles through the s-channel exchange of a
Z ′. Notice that models with MeV DM coupled to a
heavier Z ′ boson have also been considered in con-
texts different from SIDM (See e.g. [33, 34] for its
implications on the galactic 511 keV line).
2. Tree-level annihilation via the Higgs portal.
If a field φ entering in the Higgs portal above has
no linear interactions -in particular no vacuum ex-
pectation value 〈φ〉 and no term µφH†H in the
Lagrangian- it can only communicate to the SM
through the interaction L = λφφH†H.
In this case, this field could be a DM candidate
and annihilate through a Higgs boson exchange into
light SM particles. However, taking into considera-
tion that (i) the Higgs boson can not decay into DM
with a large rate (in order to avoid the LHC bound
on its invisible decay width), (ii) the Yukawa cou-
plings of light fermions are very small, and (iii) the
Higgs boson is much heavier than the sub-GeV DM
candidate discussed here, we conclude the exchange
of a Higgs boson can not mediate annihilations pro-
cesses fast enough in order to lead to the observed
relic density.
Instead, if there is a Higgs portal interaction lin-
ear in φ (i.e. µ 6= 0, or λ 6= 0 when 〈φ〉 6= 0),
after electroweak symmetry breaking, the scalar
field φ mixes with the SM model scalar and in-
herits its Yukawa couplings to ordinary fermions.
It is thus unstable and we need an additional par-
ticle as DM candidate, which annihilates into SM
fermions via the scalar portal. The tree-level anni-
hilations of such candidate can take place via the
exchange of the two scalar mass eigenstates in the
s-channel: the Higgs boson and the other scalar
arising from the mixing. The former case is ex-
cluded in the (i)-(iii) way above. The latter case is
also excluded because, even if the other scalar aris-
ing from the mixing is lighter, the corresponding
annihilations turn out to be still quite suppressed
because its interactions are still proportional to the
4small Higgs Yukawa couplings. Thus, unless we sit
on the mφ ' 2mDM resonance to enhance the an-
nihilation process, the relic density cannot be ac-
counted via the freeze-out mechanism and this sce-
nario is therefore not viable.
3. Tree-level exchange via the neutrino portal.
The neutrino portal requires one or more right-
handed neutrinos. Since it necessarily induces a
mixing of these particles with the SM neutrinos,
this portal offers the possibility of having DM an-
nihilations into active neutrinos. At tree level, for
scalar DM as well as fermion DM, there are three
ways to induce such an annihilation, two in the
s-channel (via the exchange of a scalar or a vec-
tor particle) and one in the t-channel. In all these
cases, this requires the existence of an extra par-
ticle in addition to the DM and singlet neutrinos.
However, the resulting neutrino mixing is highly
bounded from above by neutrino-mass constraints,
and the corresponding annihilation cross section
turns out to be too small. Thus, the neutrino portal
does not work for our purposes either.
C. Surpassing indirect detection constraints
DM annihilations into SM particles can potentially
produce a significant flux of cosmic rays, specially if they
are produced in astrophysical systems where the DM con-
centration is known to be very high (see e.g. Ref. [35]).
Likewise, such annihilations also lead to distortions of
the CMB spectrum [36–38] or to a departure from
the predictions of standard Big Bang Nucleosynthe-
sis (BBN) [39, 40]. The non-observation of these phenom-
ena leads to stringent bounds on annihilations cross sec-
tions, specially for sub-GeV DM. In fact, one finds that
an annihilation cross section into SM particles around
the thermal freeze-out value is excluded for such masses,
except in two cases:
• If DM annihilates almost exclusively into neutri-
nos [41]. The neutrino portal would have been in-
teresting in this respect because it gives rise to such
situation naturally. Nonetheless, it does not work
in the context of SIDM, as mentioned above.
• If DM annihilations are velocity-suppressed. In
this case all fluxes are suppressed because in all
the systems from which the bounds are derived,
DM moves with very small velocities compared to
the freeze-out epoch [42–46]. More quantitatively,
for velocity-suppressed DM annihilations, the cross
section can be expanded as σanniv = bv
2, where v
is the relative DM velocity at a given epoch. The
observed DM density Ωh2 fixes the quantity b. Us-
ing the instantaneous freeze-out approximation as
reported in Ref. [47], one gets the following relic
abundance
Ωh2 =
(
1.07× 109 GeV−2
3 g∗(xf )
1/2MPl b
)
nx2f , (5)
where xf ≈ 20 is the usual inverse freeze-out
temperature, n = 1 for self-conjugate DM and
n = 2 in the opposite case. Taking the relic
density equal to Ωh2 = 0.1199 ± 0.0027 [48], the
previous procedure leads to values of b of about
10−25 cm3/s for sub-GeV DM. For such values, sce-
narios with velocity-suppressed DM annihilations
are not constrained by indirect searches. Both
photo-dissociation of 4He and photon-decoupling
processes happen when the DM particles are al-
ready highly non-relativistic. Therefore, CMB and
BBN bounds are irrelevant here and the most strin-
gent constraints can only come from DM indirect
searches in dark halos at very low redshifts. How-
ever, even there, current experiments give upper
bounds on bv2 of around 10−28-10−27 cm3/s [49]
(with v . 10−2 in dark halos, as given by cos-
mological simulations), leaving velocity-suppressed
annihilations cross sections unconstrained.
In practice, a velocity suppression in the annihilation
process means that the s-wave piece of the corresponding
cross section is not allowed. For the portals which have
been found to be viable above, i.e. the vector and kinetic
portals, this is only possible in specific cases. To see that,
suppose that DM annihilation takes place via the s-wave,
i.e. with orbital angular momentum L = 0. In order to
exchange a Z ′, we must have a state with total angular
momentum J = 1, or equivalently total spin S = 1. This
is not possible for scalar or Majorana DM since they both
lead to S = 0; the state S = 1 is symmetric for a pair of
fermions in the L = 0 configuration and is thus banned
for Majorana particles. As a result, if we couple the Z ′
boson to scalar or Majorana DM particle, we naturally
obtain velocity-suppressed annihilations and evade indi-
rect detection bounds.
Note that both of these scenarios can hardly be probed
by high-energy colliders. For example, missing-energy
searches at LHC are able to exclude thermal freeze-out
mechanism for mDM . O(10) GeV if mZ′ & 50 GeV [50].
But if the mediator is also light, thermal freeze-out of DM
only requires much weaker couplings with SM particles,
which is well beyond the reach of high-energy collider
experiments. This has been shown in various so-called
simplified model studies (for a recent analysis, see [51]).
In contrast, it is well known that data-intensive experi-
ments at relatively low energy, as well as other precision
measurements, may provide very strong bounds for Z ′-
portal models at the scale below GeV [32]. This has been
discussed in the previous literature [52, 53] and will be
investigated in the SIDM framework for both Majorana
and scalar DM in the next Section.
5In conclusion, the previous natural list of constraints
and criteria point towards a unique scenario with two
variants: Majorana or scalar DM annihilating into light
SM leptons or quarks through a heavier spin-1 particle
exchange.
III. SCENARIOS WITH A Z
′
BOSON
As said above, a Z ′ can be exchanged between the DM
particle and the SM sector from the vector portal, the
kinetic mixing portal, or both. In either case, we assume
the Z ′ to be associated to a U(1)D gauge interaction with
a mass originating from the Brout-Englert-Higgs or the
Stueckelberg mechanisms.
If some of the light SM particles are charged under the
U(1)D group and if in addition there is no kinetic mix-
ing, DM communicates with the SM sector only through
the vector portal. Provided the U(1)D gauge coupling
and the corresponding charges are of order one (as it is
the case for the known gauge groups), this possibility is
highly constrained by collider experiments. In particu-
lar, the bound mZ′ > 2.1 TeV holds if the Z
′ sizably
couples to SM leptons [54]. For a leptophobic Z ′, the
bound is weaker, but in general still requires mZ′ heavier
than few hundred GeVs, depending on its exact couplings
to quarks [55–57]. Such heavy Z ′ can not induce DM
annihilations with perturbative couplings, thus we will
not consider this portal any further (although it could
certainly work in special cases where the relevant gauge
couplings have sufficiently small values).
In the following, we will consider the opposite option,
where all SM particles have no U(1)D charges, but where
there is a non-zero kinetic mixing interaction, as given in
Eq. (2), so that the communication of both sectors solely
occurs through this portal.
This leads to a highly predictive and minimal scenario,
in which all Z ′ couplings to SM particles are known up
to the overall multiplicative kinetic mixing parameter.
Concretely, after electroweak symmetry breaking, Eq. (2)
gives rise to the following Z ′ interactions
L ⊃ gDJµDMZ ′µ + eJ¯µEMZ ′µ + ′gZ J¯µZZ ′µ, (6)
where JµDM, J
µ
EM and J
µ
Z are the dark, the QED and
the weak neutral currents. The exact expression of JµDM
depends on the dark matter spin, and will be given sep-
arately for each case below. Also, the vector boson cou-
plings to the SM currents are given, to leading order in
the kinetic mixing parameter, by [58]
 ≈ cos θW κ , ′ ≈
m2Z′
−m2Z +m2Z′
sin θWκ , (7)
where θW is the Weinberg angle. It follows that  ′ for
mZ  mZ′ . We can thus safely neglect the interaction
term involving JµZ . This in turn means that annihilations
into neutrinos are negligible and only final states includ-
ing light charged leptons or quarks can be responsible
for the DM freeze-out. Furthermore, this implies that
the DM particle must be heavier than the electron.
A. Majorana dark matter
If DM is made of a Majorana fermion χ, their current
coupling it to the Z ′ is given by JµDM = χ¯γ
µγ5χ. For
the DM mass range of interest, the annihilation channels
are χχ → Z ′∗ → f¯f , with f an electron, a muon, an up
quark or a down quark (i.e. pions for the last two cases).
For a given fermion of electric charge qf and color Nf ,
the annihilations cross section is given by
〈σanniv〉 '
16pi2ααD
∑
f Nf q
2
f (1− rf )1/2(2 + rf ) v2
3m2χ
(
(rZ′ − 4)2 + r2Z′Γ2Z′/m2Z′
) ,
(8)
with ra = m
2
a/m
2
χ. Summing over all kinematically al-
lowed channel, the relic density is given by Eq. (5). We
work under the approximation that, for mχ > mpi, terms
in Eq. (8) associated to the up and down quarks give the
inclusive cross section into pions.
As for the self-interaction hypothesis, we have
σSI/mχ ' 512piα2Dmχ/m4Z′ ' 1 cm2/g , (9)
where the low velocity limit has been taken. Note that
the non-observation of an offset between the mass distri-
bution of DM and galaxies in the Bullet Cluster has been
claimed to constrain the self-interacting cross section,
σSI/mDM < 1.25 cm
2/g at 68% CL [59–61]. However,
recent simulations suggest that stronger self-interactions
are still allowed [13, 62]. In the following, we will al-
ways take 1 cm2/g as a benchmark value for σSI/mDM.
Modifying it by a factor of a few would only affect our
conclusions mildly.
The relic density and self-interactions constraints just
mentioned fix mZ′ and  as functions of DM mass mχ
and dark fine structure constant αD. Fig. 1 shows the
values we obtain by following this procedure.
As said above, to prevent a fast DMDM → Z ′Z ′ an-
nihilation leading to a too suppressed relic density, one
assumes mZ′ & mDM. More exactly, this requirement
rather leads to mZ′ & 1.6mDM after taking into ac-
count Eq. (9). All values not satisfying this require-
ment are shaded in grey in Fig. 1. For a precise value
of mZ′/mDM around 1.6, the annihilation rate is Boltz-
mann suppressed (∝ e−2mZ′/T ) just enough to lead to the
observed relic density. In this case, both self-interactions
and annihilations constraints are accounted for by the
hidden sector interaction and the condition on the con-
nector  is that it has to be small enough to play only
a subleading role in the annihilation process. This way
of accounting for both constraints in the hidden sector
by means of a threshold effect[47] has been proposed in
Ref. [63] and is operative here. For smaller (larger) val-
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Figure 1: Z
′
portal for Majorana DM. As a function of the DM mass mχ and dark coupling αD, the solid contour lines show the
values of Z
′
mass (left) and kinetic mixing parameter  (right) satisfying the relic density and the self-interaction constraints,
as given in Eqs. (5) and (9). All shaded regions are experimentally excluded in various ways (see text for details). In the shaded
region at the right-bottom corner, the dark annihilation χχ → Z′Z′ is too fast to account for the DM abundance. Non-solid
(colored) lines show the expected sensitivities of future experiments.
ues of mZ′/mDM, the DMDM → Z ′Z ′ annihilation rate
is very quickly far too fast (slow) to account for the relic
density. In the later case, mZ′/mDM & 1.6, the connec-
tor interaction can nevertheless account for it. This is
the scenario we consider, which leads to a whole allowed
region in Fig. 1.
Not surprisingly, Fig. 1 reflects the disparity of both
cross sections. On the one hand, the self-interaction con-
straint requires a cross section, Eq. (9), which is not sup-
pressed in any way, i.e. a relatively large value of αD
and a relatively light mediator, mZ′ . O(1) GeV. On
the other hand, for sub-GeV DM the relic density con-
straint, Eq. (8), requires a suppression of the annihilation
cross section. This can only arise from a suppressed por-
tal, i.e. mixing parameter . This way of decoupling both
cross sections is an easy way to account for the big dif-
ference between them: the annihilation rate is naturally
suppressed with respect to the self-interactions because
the portal, which enters only in the annihilation cross
section, is very small. Note that, as Fig. 1 shows, for
mZ′ ∼ 2mχ the annihilation cross section displays a res-
onance, requiring even smaller values of .
There is a long list of constraints applying to this sce-
nario. The most relevant ones are shown on Fig. 1. These
are:
• Invisible decay of Z ′ in low energy experi-
ments. Due to the large value of αD and small
value of , when mZ′ & 2mχ (above the blue lines
in Fig. 1), the Z ′ decays invisibly with a branch-
ing ratio close to one. Hence, at colliders, the Z ′
cannot be seen directly and the best way to detect
it is from the observation of initial state radiation
and missing energy. Note that the cross section for
such a signal depends only on mZ′ and on the size
of the couplings between the Z ′ and the SM par-
ticles in the initial state, i.e. on the size of the 
parameter. The BaBar collaboration -searching for
the decay of Υ(3S) to mono-photon and invisible
particles- has constrained the coupling between Z ′
and SM particles for mZ′ . 7.2 GeV [64, 65]. This
constraint is shown as a shaded region in Fig. 1.
In addition, the Belle II experiment, which should
start taking data after 2018 [66], has the potential
to improve the constraint on  by about one order
of magnitude. In Fig. 1, the dot-dashed line in the
left-top corner shows the corresponding projected
sensitivity, adapted from the mono-photon search
done in Ref. [65].
Likewise, by studying the process eZ → eZZ ′,
the fixed-target experiment NA64 at CERN SPS
will be able to probe dark photon decays into in-
visible particles [67]. The corresponding projected
sensitivity (associated to 1011 incident electrons) is
shown in Fig. 1.
Interestingly, events associated to the invisible de-
cay of a Z ′ boson may be recorded in neutrino
experiments as well. Concretely, if mZ′ < mpi± ,
depending on its couplings to SM fermions, the
Z ′ boson might be produced in pion decays and
quickly disintegrate into invisible particles, i.e DM
7in our scenario. In turn, the DM particles might
collide against the electron target, leading to de-
tectable scattering events, similar to the ones in-
duced by neutrinos. Thus, the observed number
of such events can be used to constrain our sce-
nario if the Z ′ is lighter than the pion(s). Using
this, the LSND data provides the strongest con-
straint for very light dark matter [68]. This is
shown by the shaded region labeled as “LSND” in
Fig. 1. Moreover, using the same search strategy,
the SHiP experiment will improve this constraint
as shown in Fig. 1. The projected sensitivity in the
plot corresponds to a yield of 10 electron-scattering
events [69].
Also, it has been pointed out that the experiment
E137 performed at SLAC three decades ago pro-
vides similar constraints on dark photons [70]. In
most of the parameter region of our interest, they
are less stringent than those of LSND and are thus
not shown in our figure.
• Precision test bounds. When mZ′ & 2mχ, this
scenario is also constrained by missing ET searches
at higher energy accelerators, such as LEP and
LHC. The current bound is  . 0.23 for mZ′ below
few GeV [65]. As Z ′ mixes with the SM Z bo-
son, Z-pole precision measurements also constrain
the mixing parameter, giving  . 0.3 [71]. More-
over, anomalous magnetic moment measurements
of the electron and the muon, as well as neutron-
nucleus scattering measurements [72], also lead to
upper bounds on . Nevertheless, all these preci-
sion bounds are looser than other constraints and
we do not show them on Fig. 1.
• Visible decay of Z ′. For the case mZ′ . 2mχ
(below the blue lines in Fig. 1), the Z ′ boson de-
cays into pairs of SM fermions. This possibility
is extensively considered in experiments looking
for dark photons. For instance, searching for the
process pi0 → γZ ′ followed by Z ′ → e+e−, the
NA48/2 collaboration has excluded  & 8 × 10−7
at 90% CL when the Z ′ boson is lighter than
the neutral pion [73, 74]. We refer to Ref. [32]
for a recent review on this constraint and others
from beam-dump/collider experiments. This leads
to the exclusion of the shaded region labeled as
“Z ′ → e−e+” in Fig. 1. One can see that there
still exists a large unconstrained region between
O(10−5) .  . O(10−2) for DM masses of few
tens of MeVs. Independently of self-interaction
constraints, this feature is also shown in Fig. 6 of
the review [32].
Fig. 1 also shows the sensitivities expected to be
reached in the future by various experiments: from
the proposed Heavy Photon Search (HPS) [75],
looking for leptonic decays of a dark Z ′ boson, and
from the dark photon search at the run 3 of LHCb
using charm meson decays [76]. Clearly, these ex-
periments offer real prospects to probe our scenario.
• Cosmological bounds. As DM annihilation is
velocity suppressed, it does not directly change
BBN predictions or the CMB spectrum, as ex-
plained above. It can nevertheless have an indi-
rect effect from the fact that -after neutrino de-
coupling at about 1.5 MeV [77]- late annihilations
of DM into electron-positron pairs, may reheat
the thermal bath of photons with respect to the
cosmic neutrino bath. This leads to a relatively
colder neutrino sector at the recombination time.
Taking Nνeff & 2.9 from Planck, we obtain that
mχ & 7 MeV, as shown by the left shaded region
“Planck” in Fig. 1 [78]. Note that assuming an ear-
lier neutrino decoupling would lead to a stronger
bound. Proposed CMB precision experiments, re-
ferred to as “CMB-S4”, intend to reduce the uncer-
tainty on Nνeff to 0.01 [79, 80]. This would lead to
a stronger lower bound on mχ of about 12 MeV.
Note that observations of supernova explosions only
constrain small values of  that are irrelevant here.
In fact, kinetic mixing values larger than O(10−6)
are enough to avoid that most of Z ′ and DM par-
ticles escape the supernova core. Thus, the pre-
dictions of our scenario regarding supernovae are
indistinguishable from those of the SM [81].
• Direct searches. The scattering of Majorana DM
particles off nucleons is velocity-suppressed if such
process is induced by the exchange of a Z ′ boson
coupled to a vector current of SM fermions. That
is the case of the present scenario because, as said
above, for mZ′  mZ , the neutral current JµZ is ap-
proximately decoupled from the portal interactions.
Thus, this scenario can be hardly constrained by
current direct detection experiments.
• Indirect searches. As discussed at length previ-
ously, the p-wave annihilation channels responsible
for the relic density are suppressed by at least two
powers of the DM velocity. Moreover, other pro-
cesses such as virtual internal bremsstrahlung or
one-loop annihilations into photons are suppressed
by the mass of the charged mediators that could in-
duce them. One might think that for mχ ≥ mpi/2,
the processes χχ → pi0γ are relevant. However,
they do not arise in the s-wave configuration as they
require angular momentum J = 1. Consequently,
as already anticipated in Sec. II, this scenario can
not be probed by indirect searches of DM.
From this list of constraints, we conclude that Majo-
rana DM coupled to a slightly heavier Z ′ boson provides
a viable model of self-interacting DM, that is still allowed
within a relatively large region of the parameter space.
As shown in Fig. 1, the preferred DM masses lie around a
few tens of MeV. While the HPS experiment and LHCb
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Figure 2: Z
′
portal for scalar DM. As a function of the DM mass mS and dark coupling αD, the solid lines show the Z
′
mass satisfying the relic density and the self-interaction constraints, as given in Eqs. (5) and (9), for two choices of the scalar
self-coupling λS . Results are similar to the Majorana case above, specially for λS ∼ 0. In the shaded region at right-bottom
corner, the dark freeze-out from SS → Z′Z′ is too fast to account for the DM abundance. In the right panel, a lower bound
mS & 5.4 MeV holds due to the non-zero quartic coupling contribution to the self-interactions. Note that future direct detection
experiments with semiconductor targets are expected to probe all the allowed region [82].
will probe a large fraction of the parameter space where
the Z ′ boson decays visibly, Belle-II and the SHiP ex-
periment at the CERN SPS will probe part of the region
2mχ . mZ′ , where it decays invisibly.
Before closing this section, we would like to comment
on simple UV completions of this scenario. Since Ma-
jorana fermions can not carry any charge, their Z axial
current can only arise from the spontaneous symmetry
breaking of the U(1)D symmetry. For instance, the vev
of a single scalar S with twice the U(1)D charge of the
chiral DM fermion can induce both the Majorana mass of
this fermion and the mass of the Z ′. Also, anomaly can-
cellation requires extra fermions charged under U(1)D,
introduced either in a chiral way (with several extra Weyl
fermions [83]) or in a vector-like way (assuming a chiral
partner for the DM field, at the price of allowing a new
mass scale). The DM can be lighter than all other hid-
den sector particles if its Yukawa coupling to S is rel-
atively small with respect to the couplings determining
the masses of S, Z ′ and the extra fermions. This is al-
ways possible in the parameter space of our interest, as
shown in Fig. 1. In this case, these additional particles do
not change the phenomenology of interest in this work.
The extra fermions decay into DM particles and their
participation in the freeze-out is suppressed. Similarly,
the scalar does not affect the freeze-out, and its contri-
bution to DM self-interactions is suppressed by powers
of the Yukawa coupling. Finally, the scalar S must not
strongly mix with the SM Higgs boson to satisfy bounds
from the Higgs invisible decay and other DM searches.
B. Scalar dark matter
If DM is made of a scalar S annihilating into SM par-
ticles via a s-channel exchange of Z ′ bosons, one obtains
a scenario similar to the Majorana case, except for three
important differences: DM is not its own antiparticle3,
there is an extra source of self-interaction for the DM
and the direct detection rate is not anymore velocity sup-
pressed.
First of all, let us look at the annihilation process,
which is induced by the current JµDM = i(S
∗∂µS −
S∂µS
∗). In the non-relativistic limit, the corresponding
cross section is given by
〈σanniv〉 '
4pi2ααD
∑
f Nf q
2
f (1− rf )1/2(2 + rf ) v2
3m2S
(
(rZ′ − 4)2 + r2Z′Γ2Z′/m2Z′
) ,
(10)
Summing over all kinematically allowed channels in the
same way as for the Majorana case above, Eq. (5) fixes
the DM relic density.
As for the DM self-interactions, they are induced by
the exchange of the Z ′ boson, and possibly by an addi-
tional LS ⊃ −λS(S∗S)2 quartic coupling contribution.
Due to the fact that DM is not is own antiparticle, there
3
For the sake of simplicity, we assume DM to be symmetric, i.e.
the abundance of S and S
∗
are taken equal.
9are several self-interaction channels, namely, SS ↔ SS,
SS∗ ↔ SS∗ and S∗S∗ ↔ S∗S∗. The corresponding av-
eraged cross section in the non-relativistic limit is
σSI
mS
=
3λ2S
16pim3S
+
6pi α2DmS
m4Z′
(11)
For the case where one assumes a negligible value of the
quartic coupling, the left panel of Fig. 2 shows, as a func-
tion of mS and αD, the values of mZ′ that one needs
in order to fulfill both the relic density constraint and
the benchmark σSI/mDM = 1 cm
2/g. Likewise, the right
panel of Fig. 2 shows the corresponding situation when
we switch on the scalar coupling, taking λS = 0.1 as a
sample value.
In the latter case, as shown in the right panel of
Fig. 2, the self-interaction hypothesis precludes too light
dark matter candidates independently of the value of
αD, because the scalar coupling contribution to the self-
interaction cross section scales as 1/m2S . Also, note that
having a large value of λS at such a low scale may give
rise to a Landau pole below the electroweak scale (un-
less there are extra low energy degrees of freedom in the
hidden sector contributing negatively to the β function
of this coupling 4). For example in a pure λSS
4 theory,
a value λS = 0.1 at mS ∼ 10− 100 MeV scale leads to a
Landau pole around the electroweak scale.
As mentioned at the beginning of this section, unlike
for Majorana particles, the scalar case does not lead to
velocity-suppressed direct detection cross sections. Al-
though currently sub-GeV DM is almost unconstrained
by direct detection experiments, such an unsuppressed
rate may lead to potential tests in the future. Experi-
ments searching for nuclear recoil are not so promising
in this regard. For example, the most optimistic case
for our purpose is the future SNOLAB experiment which
will be able to probe DM particles with masses down to
0.5 GeV. However, a signal could be seen in experiments
searching for DM-electron collision. For scalar DM com-
municating with the SM via a Z ′-portal, this has been
studied in for XENON10 [84, 85] . Here, the collision
cross section is given by σe ∼ 16pi2αDαm2e/m4Z′ . Lastly,
future experiments with semiconductor targets are ex-
pected to be able to probe the whole parameter region
allowed today [82].
4
Notice that a Landau pole can also develop for the scalar S
introduced in the UV completion of the Majorana scenario above.
Nevertheless, such Landau pole can be easily avoided because
there the heavier fermions introduced for anomaly cancellation
provide such negative contribution.
IV. CONCLUSIONS
In this work, we have shown that it is possible for a
self-scattering DM particle (with a strength capable of
addressing the small scale structure problems of the CDM
paradigm) to freeze out dominantly from annihilations
into SM particles.
We have argued that this is only possible if the DM
mass lies below the GeV scale. Barring large fine-tuning,
this immediately implies that DM must be a singlet of the
SM gauge group. The same remark applies for any parti-
cle mediating the annihilation process, because otherwise
such mediator would need to be around the electroweak
scale or above, and the corresponding annihilation rates
would be suppressed. These facts together imply that
the DM and the SM sectors must be connected through
one or several of the four SM singlet portal interactions,
associated to a scalar boson, a right-handed neutrino and
a Z ′ massive gauge boson.
We have shown that only the option of a Z ′ boson cou-
pled to Majorana or scalar DM passes all the experimen-
tal constraints. From its simplicity and the fact that it
does not require any special tuning, this scenario consti-
tutes an attractive way to accommodate both DM large
self-interactions and the relic density constraint. Here,
the huge difference between the self-interaction and an-
nihilation cross sections is not due to any special mech-
anism taking place; it is simply due to the fact that the
portal interaction, which enters in the annihilation but
not in the self-interaction, is suppressed. Furthermore,
this scenario offers possibilities of particle physics tests.
Quantitatively, Fig. 1 (for the Majorana case) and
Fig. 2 (for the scalar case) summarize the various con-
straints and future possibilities of testing it or ruling it
out. For the scalar case, in addition to the constraints
shown in Fig. 2, semiconductor target direct detection
experiments have the potential to probe all the parame-
ter space allowed today.
Acknowledgments
We thank Julian Heeck and Josh Ruderman for useful
discussions. The work of C.G.C. and T.H. is supported
by the FNRS, by the IISN and by the Belgian Federal Sci-
ence Policy through the Interuniversity Attraction Pole
P7/37.
10
[1] M. Boylan-Kolchin, J. S. Bullock, and M. Kaplinghat,
Mon. Not. Roy. Astron. Soc. 415, L40 (2011), 1103.0007.
[2] M. Boylan-Kolchin, J. S. Bullock, and M. Kaplinghat,
Mon. Not. Roy. Astron. Soc. 422, 1203 (2012), 1111.2048.
[3] M. G. Walker and J. Penarrubia, Astrophys. J. 742, 20
(2011), 1108.2404.
[4] R. K. de Naray and K. Spekkens, Astrophys. J. 741, L29
(2011), 1109.1288.
[5] D. H. Weinberg, J. S. Bullock, F. Governato, R. K.
de Naray, and A. H. G. Peter, in Sackler Col-
loquium: Dark Matter Universe: On the Thresh-
hold of Discovery Irvine, USA, October 18-20, 2012
(2013), 1306.0913, URL https://inspirehep.net/
record/1237028/files/arXiv:1306.0913.pdf.
[6] D. N. Spergel and P. J. Steinhardt, Phys.Rev.Lett. 84,
3760 (2000), astro-ph/9909386.
[7] B. D. Wandelt, R. Dave, G. R. Farrar, P. C. McGuire,
D. N. Spergel, et al., pp. 263–274 (2000), astro-
ph/0006344.
[8] M. Vogelsberger, J. Zavala, and A. Loeb,
Mon.Not.Roy.Astron.Soc. 423, 3740 (2012), 1201.5892.
[9] M. Rocha, A. H. Peter, J. S. Bullock, M. Kaplinghat,
S. Garrison-Kimmel, et al., Mon.Not.Roy.Astron.Soc.
430, 81 (2013), 1208.3025.
[10] A. H. Peter, M. Rocha, J. S. Bullock, and M. Kaplinghat,
Mon.Not.Roy.Astron.Soc. 430, 105 (2012), 1208.3026.
[11] J. Zavala, M. Vogelsberger, and M. G. Walker,
Mon.Not.Roy.Astron.Soc.: Letters 431, L20 (2013),
1211.6426.
[12] M. Vogelsberger, J. Zavala, C. Simpson, and A. Jenkins,
Mon.Not.Roy.Astron.Soc. 444, 3684 (2014), 1405.5216.
[13] O. D. Elbert, J. S. Bullock, S. Garrison-Kimmel,
M. Rocha, J. Oorbe, and A. H. G. Peter, Mon. Not. Roy.
Astron. Soc. 453, 29 (2015), 1412.1477.
[14] M. Kaplinghat, S. Tulin, and H.-B. Yu (2015),
1508.03339.
[15] N. Bernal, X. Chu, C. Garcia-Cely, T. Hambye, and
B. Zaldivar (2015), 1510.08063.
[16] J. L. Feng, M. Kaplinghat, and H.-B. Yu, Phys. Rev.
Lett. 104, 151301 (2010), 0911.0422.
[17] M. R. Buckley and P. J. Fox, Phys. Rev. D81, 083522
(2010), 0911.3898.
[18] A. Loeb and N. Weiner, Phys. Rev. Lett. 106, 171302
(2011), 1011.6374.
[19] S. Tulin, H.-B. Yu, and K. M. Zurek, Phys.Rev. D87,
115007 (2013), 1302.3898.
[20] E. D. Carlson, M. E. Machacek, and L. J. Hall, Astro-
phys.J. 398, 43 (1992).
[21] Y. Hochberg, E. Kuflik, T. Volansky, and J. G. Wacker,
Phys. Rev. Lett. 113, 171301 (2014), 1402.5143.
[22] N. Bernal and X. Chu, JCAP 1601, 006 (2016),
1510.08527.
[23] M. Kaplinghat, S. Tulin, and H.-B. Yu, Phys. Rev. D89,
035009 (2014), 1310.7945.
[24] N. Bernal, C. Garcia-Cely, and R. Rosenfeld, JCAP
1504, 012 (2015), 1501.01973.
[25] H. M. Lee and M.-S. Seo, Phys. Lett. B748, 316 (2015),
1504.00745.
[26] G. Feinberg and J. Sucher, Phys. Rev. 166, 1638 (1968).
[27] S. D. McDermott, H.-B. Yu, and K. M. Zurek, Phys. Rev.
D83, 063509 (2011), 1011.2907.
[28] Q.-H. Cao, E. Ma, and G. Rajasekaran, Phys. Rev. D76,
095011 (2007), 0708.2939.
[29] M. Garny, A. Ibarra, and S. Vogl, Int. J. Mod. Phys.
D24, 1530019 (2015), 1503.01500.
[30] M. Lindner, A. Merle, and V. Niro, Phys. Rev. D82,
123529 (2010), 1005.3116.
[31] B. Patt and F. Wilczek (2006), hep-ph/0605188.
[32] R. Essig et al., in Community Summer Study 2013:
Snowmass on the Mississippi (CSS2013) Minneapolis,
MN, USA, July 29-August 6, 2013 (2013), 1311.0029,
URL https://inspirehep.net/record/1263039/
files/arXiv:1311.0029.pdf.
[33] J.-H. Huh, J. E. Kim, J.-C. Park, and S. C. Park, Phys.
Rev. D77, 123503 (2008), 0711.3528.
[34] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett.
B662, 53 (2008), 0711.4866.
[35] G. Bertone, D. Hooper, and J. Silk, Phys. Rept. 405, 279
(2005), hep-ph/0404175.
[36] L. Lopez-Honorez, O. Mena, S. Palomares-Ruiz, and
A. C. Vincent, JCAP 1307, 046 (2013), 1303.5094.
[37] G. Steigman, Phys. Rev. D91, 083538 (2015),
1502.01884.
[38] T. R. Slatyer (2015), 1506.03811.
[39] B. Henning and H. Murayama (2012), 1205.6479.
[40] K. Jedamzik and M. Pospelov, New J. Phys. 11, 105028
(2009), 0906.2087.
[41] K. Frankiewicz (Super-Kamiokande), in Meeting of the
APS Division of Particles and Fields (DPF 2015)
Ann Arbor, Michigan, USA, August 4-8, 2015 (2015),
1510.07999.
[42] H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983), [Erratum:
Phys. Rev. Lett.103,099905(2009)].
[43] L. Bergstrom, T. Bringmann, M. Eriksson, and
M. Gustafsson, Phys. Rev. Lett. 94, 131301 (2005), astro-
ph/0410359.
[44] T. Bringmann, L. Bergstrom, and J. Edsjo, JHEP 01,
049 (2008), 0710.3169.
[45] V. Barger, Y. Gao, W. Y. Keung, and D. Marfatia, Phys.
Rev. D80, 063537 (2009), 0906.3009.
[46] F. Giacchino, L. Lopez-Honorez, and M. H. G. Tytgat,
JCAP 1310, 025 (2013), 1307.6480.
[47] K. Griest and D. Seckel, Phys. Rev. D43, 3191 (1991).
[48] P. A. R. Ade et al. (Planck), Astron. Astrophys. 571,
A16 (2014), 1303.5076.
[49] K. K. Boddy and J. Kumar, Phys. Rev. D92, 023533
(2015), 1504.04024.
[50] P. J. Fox, R. Harnik, J. Kopp, and Y. Tsai, Phys. Rev.
D84, 014028 (2011), 1103.0240.
[51] N. F. Bell, Y. Cai, and R. K. Leane, JCAP 1601, 051
(2016), 1512.00476.
[52] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro (2015),
1505.00011.
[53] E. Izaguirre, G. Krnjaic, and M. Pospelov, Phys. Rev.
D92, 095014 (2015), 1507.02681.
[54] A. Alves, A. Berlin, S. Profumo, and F. S. Queiroz, Phys.
Rev. D92, 083004 (2015), 1501.03490.
[55] J. Alitti et al. (UA2), Nucl. Phys. B400, 3 (1993).
[56] J. Erler, P. Langacker, S. Munir, and E. Rojas, JHEP
08, 017 (2009), 0906.2435.
[57] A. Alves, S. Profumo, and F. S. Queiroz, JHEP 04, 063
(2014), 1312.5281.
11
[58] K. S. Babu, C. F. Kolda, and J. March-Russell, Phys.
Rev. D57, 6788 (1998), hep-ph/9710441.
[59] D. Clowe, A. Gonzalez, and M. Markevitch, Astrophys.J.
604, 596 (2004), astro-ph/0312273.
[60] M. Markevitch, A. Gonzalez, D. Clowe, A. Vikhlinin,
L. David, et al., Astrophys.J. 606, 819 (2004), astro-
ph/0309303.
[61] S. W. Randall, M. Markevitch, D. Clowe, A. H. Gon-
zalez, and M. Bradacˇ, Astrophys.J. 679, 1173 (2008),
0704.0261.
[62] A. Robertson, R. Massey, and V. Eke (2016), 1605.04307.
[63] R. T. D’Agnolo and J. T. Ruderman, Phys. Rev. Lett.
115, 061301 (2015), 1505.07107.
[64] B. Aubert et al. (BaBar), in Proceedings,
34th International Conference on High Energy
Physics (ICHEP 2008) (2008), 0808.0017, URL
http://www-public.slac.stanford.edu/sciDoc/
docMeta.aspx?slacPubNumber=slac-pub-13328.
[65] R. Essig, J. Mardon, M. Papucci, T. Volansky, and Y.-M.
Zhong, JHEP 11, 167 (2013), 1309.5084.
[66] B. Wang (Belle-II), in 10th International Work-
shop on e+e- collisions from Phi to Psi (PHIPSI15)
Hefei, Anhui, China, September 23-26, 2015 (2015),
1511.09434, URL https://inspirehep.net/record/
1407151/files/arXiv:1511.09434.pdf.
[67] S. N. Gninenko, N. V. Krasnikov, M. M. Kirsanov, and
D. V. Kirpichnikov (2016), 1604.08432.
[68] B. Batell, M. Pospelov, and A. Ritz, Phys. Rev. D80,
095024 (2009), 0906.5614.
[69] S. Alekhin et al. (2015), 1504.04855.
[70] B. Batell, R. Essig, and Z. Surujon, Phys. Rev. Lett. 113,
171802 (2014), 1406.2698.
[71] D. Curtin, R. Essig, S. Gori, and J. Shelton, JHEP 02,
157 (2015), 1412.0018.
[72] R. Barbieri and T. E. O. Ericson, Phys. Lett. B57, 270
(1975).
[73] J. R. Batley et al. (NA48/2), Phys. Lett. B746, 178
(2015), 1504.00607.
[74] J. L. Feng, B. Fornal, I. Galon, S. Gardner, J. Smolinsky,
T. M. P. Tait, and P. Tanedo (2016), 1604.07411.
[75] A. Celentano (HPS), J. Phys. Conf. Ser. 556, 012064
(2014), 1505.02025.
[76] P. Ilten, J. Thaler, M. Williams, and W. Xue, Phys. Rev.
D92, 115017 (2015), 1509.06765.
[77] N. Fornengo, C. W. Kim, and J. Song, Phys. Rev. D56,
5123 (1997), hep-ph/9702324.
[78] J. H. Heo and C. S. Kim, J. Korean Phys. Soc. 68, 715
(2016), 1504.00773.
[79] K. N. Abazajian et al. (Topical Conveners: K.N. Abaza-
jian, J.E. Carlstrom, A.T. Lee), Astropart. Phys. 63, 66
(2015), 1309.5383.
[80] A. Manzotti, S. Dodelson, and Y. Park, Phys. Rev. D93,
063009 (2016), 1512.02654.
[81] A. Fradette, M. Pospelov, J. Pradler, and A. Ritz, Phys.
Rev. D90, 035022 (2014), 1407.0993.
[82] R. Essig, M. Fernandez-Serra, J. Mardon, A. Soto,
T. Volansky, and T.-T. Yu, JHEP 05, 046 (2016),
1509.01598.
[83] P. Batra, B. A. Dobrescu, and D. Spivak, J. Math. Phys.
47, 082301 (2006), hep-ph/0510181.
[84] R. Essig, J. Mardon, and T. Volansky, Phys. Rev. D85,
076007 (2012), 1108.5383.
[85] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, and
T. Volansky, Phys. Rev. Lett. 109, 021301 (2012),
1206.2644.
